T ype 2 diabetes affects Ͼ5% of the population. The major underlying defect of type 2 diabetes is insulin resistance and progressive deterioration of ␤-cell functions (1) . Diversity of causes including aging, genetic defects, environmental factors, and obesity can trigger the development of insulin resistance. Once insulin resistance develops in several tissues, insulin-stimulated glucose disposal is decreased and adipocytes release many free fatty acids. Furthermore, increased free fatty acids inhibit the insulin action on liver, resulting in increased gluconeogenesis in the hyperglycemic state. Hence, secretory demand of insulin from ␤-cells is increased. As long as pancreatic ␤-cells can sense blood glucose levels and secrete sufficient insulin to compensate for insulin resistance, diabetes does not occur. Therefore, type 2 diabetes only develops in the context of both insulin resistance and ␤-cell failure. The most prominent feature of ␤-cell failure is the loss of glucose-stimulated insulin secretion (GSIS) resulting from the loss of glucose-sensing ability.
Peroxisome proliferator-activated receptor (PPAR)-␥ is a nuclear hormone receptor that comprises an agonistdependent activation domain (AF-2), DNA binding domain, and agonist-independent activation domain (AF-1). It is expressed predominantly in adipose tissue but is expressed in other tissues as well (2) . Upon the binding of the agonists, PPAR-␥ heterodimerizes with retinoid X receptor-␣ and activates the transcription of target genes through the binding of the PPAR response element (PPRE). Synthetic agonists of PPAR-␥, thiazolidinediones (TZDs), have been developed to improve glucose tolerance by enhancing insulin sensitivity and restoring the function of ␤-cells in diabetic subjects (3) (4) (5) . There is a strong correlation between the TZD-PPAR-␥ interaction and antidiabetic action of TZDs; the relative potency of TZDs for binding to PPAR-␥ and activation of PPAR-␥ in vitro correlates well with their antidiabetic potency in vivo (6) . Patients with a dominant-negative mutation in the PPAR-␥ gene show severe hyperglycemia, which provides a genetic link between PPAR-␥ and type 2 diabetes (7). TZDs stimulate adipocyte differentiation, preferentially generating smaller adipocytes that are more sensitive to insulin, producing less free fatty acids, tumor necrosis factor-␣, and leptin ( Fig. 1) (8, 9) . Although the antidiabetic action of PPAR-␥ agonists is well established, there is an argument about the mechanism explaining how these agonists affect glucose metabolism. Improved glucose homeostasis may be achieved either by systemic insulin sensitization or by direct action of PPAR-␥ on the transcription of genes involved in the glucose disposal. Evidence supporting the direct action of PPAR-␥ on glucose metabolism has been reported. TZDs increase the expression of insulin receptor substrate (IRS)-1 (10), IRS-2 (11), the p85 subunit of phosphatidylinositol 3-kinase (12) , and the Cbl-associated protein (13, 14) . These results are in line with the fact that TZDs increase insulin-stimulated glucose uptake in L6 myotubes (15) and in cultured human skeletal muscle cells (16, 17) . In addition to the insulin-sensitizing effects in peripheral tissues, PPAR-␥ is known to increase the glucose-sensing ability of pancreatic ␤-cells. TZDs can reduce hepatic glucose production and increase glycogen synthesis in diabetic animal models, although controversial results have been reported.
In this perspective, we present evidence that PPAR-␥ agonists directly activate genes of the glucose-sensing apparatus in liver and pancreatic ␤-cells. These data show a direct involvement of liver and pancreatic ␤-cells in the improvement of glucose homeostasis in type 2 diabetes subjects using PPAR-␥ agonists.
GLUCOSE-SENSING APPARATUS IN ␤-CELLS AND LIVER
Blood glucose levels are tightly regulated in the range of ϳ5 mmol/l in concentration. Several tissues are involved in maintaining glucose homeostasis. Among them, liver and pancreatic ␤-cells are most important because they can sense and respond to changing blood glucose levels. The glucose-sensing apparatus consists of glucose transporter isotype 2 (GLUT2) and glucokinase (GK) (18) . Whereas the GLUT2 gene is known to contain one promoter, the GK gene contains two widely separated and functionally distinct promoters that express tissue-specific GK isotypes in liver (liver type glucokinase [ LGK]) and pancreatic ␤-cells (␤GK) (19) . Glucose is taken up into the cell through GLUT2, and GK traps glucose in the cytoplasm by phosphorylation. Both GLUT2 and GK, which have high K m , high capacity, and low affinity in nature, can afford to sense the fluctuation of glucose concentration in the blood (20) .
In pancreatic ␤-cells, glucose is the primary physiological stimulus for insulin secretion, the process that requires glucose sensing (18) . ␤GK is the rate-limiting step in glycolytic flux for insulin secretion, and a small change in GK activity significantly affects the threshold for GSIS (20) . GLUT2 is known to play more permissive roles, allowing rapid equilibration of glucose across the plasma membrane. However, it is also essential in GSIS because normal glucose uptake and subsequent metabolic signaling for GSIS cannot be achieved without GLUT2. In diabetic subjects, GLUT2 and GK expression is decreased before the loss of GSIS. ␤-Cell-specific knockout of GLUT2 or GK results in infant death because of severe hyperglycemia (21, 22) . In addition, the fact that adenovirus-mediated expression of GLUT2 and GK in IL cells results in gaining of glucose sensitivity supports the integral relationship between these two proteins (23) .
Glucose is known to regulate the transcription of several genes involved in the major metabolic pathways in the liver (24) . The hepatic glucose-sensing apparatus enables glucose to regulate the expression of glucose-responsive genes such as L-type pyruvate kinase, S14, fatty acid synthase, and GLUT2. Thus, the glucose-sensing apparatus exerts a strong influence on glucose utilization and glycogen synthesis. Increased intracellular glucose-6-phosphate triggers glycolysis and glycogen synthesis (25) . Even small changes in the expression of LGK lead to a measurable impact on the blood glucose concentration (26 -28) . In addition, liver-specific GLUT2 knockout mice showed decreased GK expression in liver (29) . Thus, these two proteins play key roles in hepatic glucose metabolism and lipogenesis.
ROLE OF PPAR-␥ IN THE GLUCOSE-SENSING APPARATUS OF PANCREATIC ␤-CELLS
GLUT2 and ␤GK work as glucose sensors for GSIS under physiological conditions in pancreatic ␤-cells. In diabetic ␤-cells, gene expressions of GLUT2 and GK are decreased and high-affinity low-capacity hexokinase expression is increased instead, which results in a decrease in glucose threshold for insulin secretion. As a consequence, basal insulin secretion will be increased. Thus, ␤-cells lose their ability to control the insulin secretion in response to blood glucose concentration, thereby gradually losing their predominant position in blood glucose regulation in insulinresistant states.
Moderate amounts of PPAR-␥ are expressed in pancreatic ␤-cells, and its expression is increased in the diabetic state (30, 31) . TZDs are known to enhance pancreatic growth (32) . But the fundamental role of PPAR-␥ in ␤-cells is not fully understood. Currently, the reports on the effects of PPAR-␥ on insulin secretion are contradictory. PPAR-␥ agonists can decrease insulin secretion in diabetic animal models, whereas activation of PPAR-␥ does not acutely improve insulin secretion in isolated human islets (Table 1) (4, 5, 30, (33) (34) (35) (36) (37) (38) (39) (40) . However, it is reported that PPAR-␥ agonists can protect the ␤-cells from apoptosis and restore the function of ␤-cells, including GSIS (39, 41, 42) . In ZDF rats, which have obese and diabetic phenotypes, blood glucose and free fatty acid levels are elevated, resulting in intracellular accumulation of triglyceride. Intracellular triglyceride accumulation induces apoptosis of ␤-cells by increasing ceramide formation and nitric oxide production; therefore, ␤-cell failure develops (so called, "lipoapoptosis hypothesis," as proposed by Unger [43] ). TZDs are known to decrease intracellular fat accumulation by increasing fatty acid oxidation and inhibit the expression of iNOS, suggesting that PPAR-␥ can prevent apoptosis of ␤-cells. In addition, TZDs can restore the GSIS, both in diabetic animal models and in primary isolated islets (39, 41) . Activation of PPAR-␥ leads to restoration of the glucose-sensing ability of ␤-cells through the activation of GLUT2 and ␤GK gene expression in diabetic subjects. The functional response element for PPAR-␥ was identified in the promoters of GLUT2 and ␤GK (44, 45) . The PPREs of GLUT2 and ␤GK genes are located in the 5Ј untranslated region. In transient transfection assays, ␤GK and GLUT2 promoters are activated by PPAR-␥ in insulin-producing ␤-cell lines (HIT-T15, Min6). In addition to the direct activation of GLUT2 and ␤GK, 
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DIABETES, VOL. 53, SUPPLEMENT 1, FEBRUARY 2004 TZDs can prevent glucotoxic effects on PDX-1 expression in diabetic ␤-cells, indirectly resulting in an increase in the expression of GLUT2 and ␤GK (40) . Oral administration of TZDs increases the expression of GLUT2 and ␤GK in the ␤-cells of diabetic ZDF rats. Restoration of GSIS and a decrease in basal insulin secretion are achieved by TZD treatment in the primary isolated islets from diabetic ZDF rats (39) . These TZD-induced changes of GSIS in isolated diabetic ␤-cells resemble the hyperinsulinemic pattern of compensated ␤-cells. In this context, it is assumed that TZDs play some role in restoring ␤-cells of type 2 diabetes to a normal state.
In the course of studying the PPRE present in the genes of the ␤-cell glucose-sensing apparatus, we observed some differences between the PPRE of GLUT2 and ␤GK. Firstly, the DNA sequence of ␤GK-PPRE is different from conventional PPRE, known as DRϩ1 (a hexameric consensus sequence [AGGTCA] in a direct repeat spaced by one nucleotide), whereas GLUT2-PPRE is similar to DRϩ1 (Fig. 2) (46) . Secondly, GLUT2-PPRE is highly ligand dependent but ␤GK-PPRE is not. These differences suggest that transcriptional regulation of ␤GK by PPAR-␥ is different from that of GLUT2 and the detailed mechanism for the differences needs to be clarified.
ROLE OF PPAR-␥ IN THE GLUCOSE-SENSING APPARATUS OF THE LIVER
TZDs are known to decrease free fatty acid and hepatic glucose production. When diabetic ZDF rats are treated with PPAR-␥ agonists, PEPCK and glucose-6-phosphatase expressions are decreased and GK and lipogenic gene expressions are increased, suggesting that PPAR-␥ agonists decrease gluconeogenesis and increase adipogenesis and glycolysis (33) . But it is still unclear whether these effects are due to a direct action of PPAR-␥ on the liver or secondary effects of increased systemic insulin sensitivity. PPAR-␥ agonists decrease circulating triglyceride and free fatty acid levels by repartitioning fatty acids in adipocytes. Increased free fatty acids are associated with hepatic insulin resistance, resulting in the increased gluconeogenesis (47) . In diabetic ZDF rats treated with PPAR-␥ agonists, a PPAR-␥-induced decrease of free fatty acid levels precedes the decrease of glucose and triglyceride levels, suggesting that a decrease in free fatty acid levels may be important for the insulin-sensitizing action of PPAR-␥ agonists (33) . Thus, PPAR-␥ agonists may indirectly affect hepatic glucose metabolism by lowering free fatty acid levels.
However, mice lacking adipose tissue still showed increased insulin sensitivity by TZDs, suggesting that TZDs can enhance insulin sensitivity independent of adipose tissues (48) , although controversial results were reported. The fact that liver expresses moderate amounts of PPAR-␥ led us to explore the possibility that PPAR-␥ can directly regulate the genes responsible for glucose homeostasis. Thus, we have searched for the presence of PPRE in the glucose-sensing apparatus of the liver. The mouse GLUT2 promoter is highly activated by PPAR-␥ in liver cell lines, and we identify the functional PPRE in the mouse GLUT2 promoter. In primary isolated hepatocytes, TZDs can increase GLUT2 expression (Kim et al., unpublished data) . In addition, we also identified a functional PPRE in the
LGK promoter. In transient transfection assays, the LGK promoter is activated by PPAR-␥ in Alexander cells, whereas the activation of the promoter is not remarkable in CV-1 and Min-6 cells. Like GLUT2, GK expression is also increased by TZDs in primary hepatocytes (S. Kim, H.I.K., S.-K. Park, S.-S. Im, T. Li, H.G. Cheon, Y.H.A., unpublished data). These results indicate that GLUT2 and GK can be direct targets of PPAR-␥ in the liver, and PPAR-␥ agonists can directly increase glucose uptake and glycolysis. Furthermore, accompanying glycolysis and glycogenesis can counteract the hepatic glucose production. However, the direct action of PPAR-␥ agonists on the LGK gene cannot be the sole mechanism of LGK activation because insulin is known to induce LGK expression in the liver.
CONCLUSIONS
We have identified functional PPREs in the promoters of GLUT2 and GK in pancreatic ␤-cells and liver. This work suggests that the antidiabetic action of TZDs could be not only due to systemic improvement of insulin sensitivity but also due to direct action of PPAR-␥ on the genes involved in the glucose transport and subsequent glycolysis. Thus, based on the direct action of PPAR-␥ on the glucose-sensing apparatus in liver and ␤-cells of pancreas, the antidiabetic action of TZDs can be summarized as combinatorial effects involving several target tissues (Fig.  3) . Enhanced insulin sensitivity improves peripheral glucose disposal, which reduces the demand for insulin secretion from ␤-cells and hepatic glucose production. Considering that liver and pancreatic ␤-cells are targets of insulin, enhanced insulin sensitivity contributes to the insulin-dependent activation of hepatic glucose metabolism and functional restoration of ␤-cells. In addition, glucose is known to play important roles in the maturation of ␤-cells (49); an enhanced glucose-sensing ability induced by PPAR-␥ may help functional and morphological restoration of ␤-cells by TZDs (41) . Increased expression of GK and GLUT2 in liver can increase glycolysis and glycogen synthesis. Therefore, TZDs may decrease blood glucose and insulin levels efficiently.
Taken together, PPAR-␥-mediated activation of GLUT2 and GK in liver and ␤-cells is likely to contribute to the beneficial effects by which TZDs improve glucose homeostasis in type 2 diabetic patients.
